The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) primate models of Parkinson's disease (PD) reproduce most, although not all, of the clinical and pathological hallmarks of PD. The present contribution presents the possibilities offered by the MPTP monkey models of PD to readers with minimal knowledge of PD, emphasizing the diversity of species, route and regimen of administration, symptoms and pathological features. Readers would eventually find out that there is not a single MPTP monkey model of PD but instead MPTP monkey models of PD, each addressing a specific experimental need.
P arkinson's disease (PD) is a neurodegenerative disorder whose cardinal manifestations are due primarily to a profound deficit in brain dopamine. Several therapeutic strategies have been discovered to treat the symptoms of this neurological disorder, but, as of yet, none halts or retards the neurodegenerative process. In an attempt to shed light into the neurobiology of PD, a number of experimental models have been developed, especially during the last 25 years. In 1982, a cluster of young drug addicts came down with a clinical picture almost indistinguishable from PD after the self-administration of a synthetic heroin analogue contaminated by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The resemblance to PD was so striking that researchers quickly tested this compound in various animal species and showed that MPTP administration was able to reproduce most, but not all, of the clinical and pathological hallmarks of PD in monkey (Chiueh et al. 1984; Langston et al. 1984; Crossman et al. 1985; Doudet et al. 1985) and, at least the degeneration of dopaminergic neurons in mice (Heikkila et al. 1984) , but not in rats which were found to be resistant to this toxin (Chiueh et al. 1984) .
The aim of the present contribution is not to review recent data, but rather to present the possibilities offered by the MPTP monkey model of PD to readers with minimal knowledge of PD for them to be ready to start working on PD. the substantia nigra pars compacta (SNc). The progressive dorso-ventral dopamine depletion of the striatum causes the classical motor signs of bradykinesia, rigidity, and resting tremor. These symptoms are improved by current dopamine-replacement strategies including levodopa (L-dopa, the precursor of dopamine). After several years of disease progression, treatment is complicated by the onset of motor fluctuations and dyskinesia, leading to alternating periods of reduced mobility and abnormal involuntary movements. Some patients receiving dopaminergic drugs also develop abnormal behaviors, including impulse control disorders or dopamine dysregulation syndrome.
Besides dopamine, the neurodegenerative process involves other neurotransmitters such as noradrenergic, serotoninergic, and cholinergic systems. Nonmotor signs such as depression, dementia, sleep abnormalities and autonomic failure-which manifests as symptomatic orthostatic hypotension, urinary incontinence and constipation-are the likely consequence of degeneration of both dopaminergic and nondopaminergic systems.
MODELS RATHER THAN MODEL OF PD
The literature often refers to "the" MPTP monkey model of PD but we will find out that we should instead speak about MPTP monkey models of PD. First of all, a few species have been used over the years. The old-world primates species currently used in PD research feature the Chlorocebus sabaeus (African green monkey also called the vervet monkey), the Macaca mulatta (rhesus) and the Macaca fascicularis (cynomolgus) while the representatives of the new world monkeys are the Saimiri sciureus (squirrel monkey) and the Callithrix jacchus (marmoset). They have been used to varying degrees and for specific uses that will be covered in this review. To further add to the complexity, a number of intoxication regimen or administration methods have been used over the years. Unilateral models have been first developed after intracarotidian administration of MPTP to macaques (Benazzouz et al. 1993; Kordower et al. 1995) . This method was soon followed by various regimen of systemic administration, through i.m., s.c. or i.v. routes, over few days, weeks, or months (Langston et al. 1984; Rose et al. 1993; Bezard et al. 1997 Bezard et al. , 2001b Morissette et al. 1999; Di Monte et al. 2000; Iravani et al. 2003; Jan et al. 2003; Meissner et al. 2003) . Infusion of MPTP with osmotic minipump is also applied over few months followed by final titration with systemic i.m. shots (Belanger et al. 2003; Hadj Tahar et al. 2004; Ouattara et al. 2009 ).
MPTP-INDUCED ANATOMO-PATHOLOGY
Primary effect of MPTP exposure will be to deplete DA levels through the induction of nigrostriatal degeneration. Doubts were raised in the early days (and still persist) about whether the patterns of nigrostriatal fiber loss were similar after MPTP exposure and in PD. Low dose MPTP exposure actually produces a pattern of nigrostriatal degeneration characteristic of that seen in PD, in which there is a greater depletion of dopaminergic markers in the putamen that in the caudate nucleus (Moratalla et al. 1992; Jan et al. 2003; Iravani et al. 2005) , especially at posterior rostro-caudal level. Moreover, within the regions of diminished dopaminergic markers, there is substantial preservation in striosomes relative to the surrounding matrix (Moratalla et al. 1992) . Higher doses or stronger regimens of intoxication, although generating more comprehensive behavioral phenotypes, abolish these differences with more homogenous pattern of denervation in putamen and caudate while the ventral striatum remains less affected (Bezard et al. 2001c; Meissner et al. 2003; Guigoni et al. 2005; Fernagut et al. 2010) .
Interestingly, the MPTP neurotoxin is often presented as being "selective of DA neurons." Hence, few studies have investigated either the DA loss outside the nigrostriatal system or the loss of other neurotransmitters. Pifl and collaborators executed an insightful study (Pifl et al. 1991) in which they measured the tissue concentration of the monoamines DA, noradrenaline and serotonin in 45 brain regions in macaques monkeys chronically intoxicated with systemic MPTP over few weeks. None of the three major brain monoamine neuron systems was completely resistant to the neurotoxin. In addition, each brain monoamine had a characteristic regional pattern of MPTP-induced changes. The most significant alterations were found within the nigrostriatal dopamine system, i.e., profound DA loss in caudate nucleus, putamen and SNc. However, many extrastriatal regions of the subcortex and brainstem also suffered significant loss of dopamine, with the noradrenaline loss in the regionally subdivided brainstem being less widespread, and the serotonin levels least affected. Thus, in subcortex/brainstem the ranking order of sensitivity to MPTP was: DA . noradrenaline serotonin. In the cerebral (neo-and limbic) cortex, all three monoamine neuron systems suffered widespread statistically significant losses. This study showed that in the macaque monkey MPTP mimicked, in addition to the profound striatal dopamine loss, some of the extrastriatal DA, noradrenaline and serotonin changes often seen in the brain of patients with idiopathic PD (Pifl et al. 1991) . Finally, MPTP toxicity outside the brain should also be considered. Impact of MPTP on DA system in spinal cord (Barraud et al. 2010 ) and even the enteric nervous system has been analyzed in that respect (Chaumette et al. 2009 ).
A classic opposition to the model is the lack of Lewy bodies (LB), the pathological landmark of PD, in the MPTP monkey models. Although no LB have so far been indeed observed in these models, a few reports have investigated the expression, regulation and/or pattern of a LB major constituent, a-synuclein, after MPTP exposure. Di Monte and coworkers were instrumental for this topic delivering pivotal findings (Purisai et al. 2005) . They studied the relationship between toxic injury and a-synuclein expression in the SNc of squirrel monkeys treated with a single injection of MPTP and sacrificed 1 week or 1 month later. At 1 week, when stereological cell counting revealed only a small decrease (10%) in the number of dopaminergic neurons, a-synuclein mRNA and protein were markedly enhanced. Increased a-synuclein immunoreactivity was evident at the level of neuronal fibers whereas nigral cell bodies were devoid of detectable protein. At 1 month post-MPTP, neuronal loss rose to 40%. Both a-synuclein mRNA and protein remained elevated but, noticeably, a robust a-synuclein immunoreactivity characterized a significant number of cell bodies. Even more important was the finding that the vast majority of a-synuclein-immunoreactive neurons contained neuromelanin granules (Purisai et al. 2005) , the hallmark of dopaminergic neurons in primates and man, and approximately 80% of the dopaminergic cell bodies that survived MPTP toxicity stained positive for a-synuclein.
Following these seminal data, we investigated the issue throughout the brain of MPTPintoxicated macaques looking at a-synuclein, tau, gliosis (Vital et al. 2010) . Our data revealed a widespread immunoreactivity for both asynuclein and tau in several brain regions of the MPTP-lesioned macaques. These included the substantia nigra, pons, medulla oblongata and cerebellum (dentate nucleus). GFAP staining was marked in the substantia nigra and pallidum. Interestingly, although the tauopathy was not corrected by the levodopa treatment, the immunostaining for a-synuclein was clearly reduced in the pallidum, pons, medulla oblongata, and cerebellum but not in the substantia nigra (Vital et al. 2010 ). This study extends the validity of the MPTP-lesioned macaque model of PD to pathological findings. In addition, it suggests that while a-synuclein increased expression is levodopa-insensitive in the substantia nigra, it is sensitive to dopamine replacement therapy in other brain regions. These data therefore offer a window for studying dopamine/ synuclein interactions and their consequences on widespread neurodegeneration.
MPTP-INDUCED PHENOCOPY OF PD

Motor Triad
MPTP-induced parkinsonism in monkeys produces an amazing phenocopy of PD. In the early days of MPTP, most researchers focused on the bradykinesia/akinesia and rigidity analogy to PD with clear-cut demonstration of the similarities. Quoting the first mechanographic study (Doudet et al. 1985 (Doudet et al. , 1986 (Doudet et al. , 1990 , the researchers describe that "after MPTP treatment, alterations in movement parameters and EMG activity were observed. Mean reaction time and movement duration increased by 20% -25% and 25%-30%, respectively. The movements were slower and were associated with a generalized depression in the shape and the amplitude of EMG activity in the agonist muscle." UPDRS-like clinical rating also assess such behavioral features (Imbert et al. 2000) . Mechanographic studies have been overwhelmed by such clinical ratings despite their soundness (Benazzouz et al. 1992 (Benazzouz et al. , 1993 ) mostly for the sake of time and expertise they require.
The third main symptom of PD, tremor, is maybe the only symptom seldom reproduced in monkeys. It seems however that it is more a species issue. Indeed, while macaque monkeys seldom display the typical PD rest tremor (but clearly show action and postural tremor) (Bezard et al. 1998), the MPTP-intoxicated Chlorocebus sabaeus (African green monkey also called the vervet monkey) does display a validated rest tremor (Raz et al. 2000; Guehl et al. 2003) .
Cognitive Impairment
After the first years, researchers have turned their interest toward other motor and nonmotor symptoms. Among those, the cognitive disturbances reported in PD patients have retained their interest. To specifically address those cognitive impairments, Schneider and colleagues developed an intoxication paradigm in the macaque monkey leading to cognitive impairment before the motor symptom take place (Schneider 1990; Schneider and Kovelowski 1990; Schneider 1991, 1994; Schneider et al. 1992; Schneider and Roeltgen 1993) . MPTP is administered at low doses, several times per week for several months. MPTP administration continues until cognitive deficits appear in the absence of parkinsonian motor impairment. Animals are considered "cognitively impaired" if they show at least a 15% decrease in cognitive task performance (Schneider and Kovelowski 1990; Schneider and Roeltgen 1993; Schneider 2004, 2006; ). Measurement of cognitive performance is by a computer-controlled touch-screen battery of tests that have been validated in this model. The so-called "chronic low-dose" MPTP-treated macaque monkeys develop impairments in the performance of spatial delayed responses, delayed matching-to-sample, delayed alternation, object retrieval and discrimination reversal tasks, as well as a variety of specific impairments of attentional and executive functions (Schneider and Kovelowski 1990; Schneider and Roeltgen 1993; Schneider 2004, 2006; . This model has particular relevance to the evaluation and development of cognition-enhancing drugs to treat the neuropsychological aspects of PD, in which frontostriatal dysfunction has been implicated.
Sleep/Chronobiological Disturbances
Sleep disturbances, excessive daytime sleepiness (EDS), and rapid eye movement (REM) sleep deregulation are among the most frequent and disabling nonmotor manifestations of Parkinson's disease (PD) (Arnulf et al. 2002; Ghorayeb et al. 2007 ). They may precede the cardinal motor features of the disease by years and may serve as early biomarkers of the premotor phase of PD. To replicate the sleep -wake disorders of PD and to understand the temporal relationship between these sleep disturbances and the occurrence of parkinsonism, Ghorayeb and collaborators performed long-term continuous electroencephalographic monitoring of vigilance states in unrestrained rhesus monkeys using an implanted miniaturized telemetry device and tested the effect of MPTP intoxication on their sleep -wake organization (Barraud et al. 2009 ). MPTP injection yielded a dramatic disruption of sleep -wake architecture with reduced sleep efficacy that persisted years after MPTP administration. Primary deregulation of REM sleep and increased daytime sleepiness occurring before the emergence of motor symptoms were a striking feature of the MPTP effect. This was concomitant with a breakdown of dopaminergic homeostasis (Barraud et al. 2009 ). In the long term, partial reemergence of REM sleep paralleled the partial adaptation to parkinsonism, the latter being known to result from compensatory mechanisms within the dopaminergic system. Altogether, these findings highlight the suitability of the MPTP macaque model of PD as a tool to model the sleep/wake disturbances of the human disease. Ultimately, this may help in deciphering the specific role of neurotransmitter depletion in the occurrence of these symptoms.
Dyskinesia
Besides PD-symptoms, PD patients experience side effects of their long-term L-dopa therapy. Such therapy is confounded by the development of adverse events related to fluctuations in motor response. Motor fluctuations include on-off fluctuations, sudden, unpredictable changes in mobility, and the wearing-off phenomenon, a decrease in the duration of action of L-dopa. However, the most debilitating class of motor fluctuation is involuntary movements known as L-dopa-induced dyskinesia (LID). Four species have been regularly used, namely the macaque monkeys (macaca mulatta and macaca fascicularis) Berton et al. 2009; Ahmed et al. 2010; Fasano et al. 2010; Rylander et al. 2010) , the marmoset (callithrix jacchus) (Pearce et al. 1998; Henry et al. 2001 Henry et al. , 2003 Smith et al. 2002; Savola et al. 2003; Hill et al. 2004a,b) and the squirrel (Saimiri sciureus) monkeys Hsu et al. 2004) , although the most human-like ones are displayed by the macaques (Bezard et al. 2001a; Jenner 2008) . Those macaques with LID show various combinations of choreic-athetoid (i.e., characterized by constant writhing and jerking motions), dystonic and even ballistic movements (i.e., large-amplitude flinging, flailing movements), although less frequently for those latter Gold et al. 2007; Berton et al. 2009; Ahmed et al. 2010; Fasano et al. 2010; Rylander et al. 2010 ). Both the repertoire and severity of dyskinesia are not distinguishable from LID occurring in PD patients (e.g., Bezard et al. 2003; Ahmed et al. 2010; Fasano et al. 2010 ).
Behavioral Assessment
The various symptoms require to be precisely quantified for demonstrating for instance the efficacy of an experimental therapeutic. Most studies rely on UPDRS-like clinical assessments (Imbert et al. 2000; Bezard and Przedborski 2011) . Those measurements must at least be performed in double-blind and must be performed watching posthoc video-recordings of animals behaving in vast environments allowing proper motor behavior to develop Gold et al. 2007; Berton et al. 2009; Ahmed et al. 2010; Fasano et al, 2010; Rylander et al. 2010) . Not only the procedure ensures reproducibility and environment control but it allows further check by independent examiners or trained neurologists. Such simple and obvious criteria are unfortunately seldom fulfilled.
Clinical assessments must be accompanied by automated man-free measurement of locomotor activity such as infrared monitoring, video-based measurement of traveled distance Gold et al. 2007; Berton et al. 2009; Ahmed et al. 2010; Fasano et al. 2010; Rylander et al. 2010) , mechanograhic analysis (Doudet et al. 1985 (Doudet et al. , 1986 Benazzouz et al. 1993) , or even better although still challenging, whole body kinematics analysis (Courtine et al. 2005a,b) . To increase the translationality of the MPTP monkey model, animals could also be submitted to a variety of behavioral tasks that would assess both the motor and nonmotor functions. Such tasks range from a simple food-retrieval task (Bezard et al. 1997) up to a comprehensive neuropsychological assessment (i.e., CANTAB-like battery of tests) (Schneider and Kovelowski 1990; Schneider and Roeltgen 1993; Schneider 2004, 2006) passing by object retrieval tasks with various cognitive loads (Schneider and Roeltgen 1993; Schneider et al. 1998 ).
Roadblocks
Altogether, these data show the amazing potential of the MPTP monkey model as a (almost perfect) phenocopy of PD. Such phenocopy is made possible because MPTP is all but specific to nigrostriatal DA neurons and is more obvious in animals rendered parkinsonian with chronic regimen of intoxication.
Selecting the best species/regimen remains however a challenge. Four key criteria should be considered: (1) What stage of the disease do you want to study? (2) what symptoms (if any) is key to your experiment? (3) What anatomo-pathological features do you want to obtain? (4) How reproducible your model should be? Ideally a single model should be able to address all possible questions although we have seen that specific symptoms or feature could be expressed by a given species (i.e., the PD rest tremor is only displayed by the African green monkey).
As one might need to deal with different stages of the disease, i.e., the prodromal/presymptomatic, the symptomatic or the dyskinetic phases, a chronic slowly progressing model should be favored (Schneider 1990; Bezard et al. 1997 Bezard et al. , 2001c . PD is a bilateral multisystemic disease in nature and systemic exposure will lead to a variety of lesions as reviewed above. Although the daily management of animals is complicated by potential threat of animal's health status (adipsia, aphagia, loss of body weight), systemic exposure to the toxin is required (Schneider 1990; Bezard et al. 1997 Bezard et al. , 2001c . Trained staffs are required to follow the animal health status and body weight on a daily basis. Gavage should be introduced quite early in the intoxication process as a safety measure with proven efficacy in increasing the survival rate. In chronic regimen, intoxication should often be stopped before obtaining a full-blown syndrome as symptoms tend to worsen once they have clearly appeared. It is therefore recommended to rely on the expertise of trained team before starting any new experiment. The more chronic the regimen is, the better it is to introduce dopamine transporter imaging to follow on going neurodegenerative process and stop intoxication at the desired extent of denervation . To rely on a model in which the kinetics of nigrostriatal denervation is know either with in vivo imaging or with postmortem endpoints (Bezard et al, 2001c; Meissner et al. 2003) is clearly an advantage. This is, however, seldom the case as a single model fulfills so far this requirement. In the same way, primate models of PD have often been criticized for their supposed lack of reproducibility. This is in fact the consequence of the heterogeneity in the primate population used by most investigators. Most labs access with difficulty to primates and use animals of both genders, of varying body range and age, and most likely from different genetic backgrounds (e.g., there are differences between cynomolgus macaques from Mauritius, China, and Philippines). In our laboratory we use exclusively F2-bred macaques. Using our classic intoxication paradigm replicating PD progression over a month in the female cynomolgus macaque (Bezard et al. 2001c; Meissner et al. 2003) , symptom reach the clinical criterion for stopping MPTP at 15.6 +1.01 d. Such an amazing result derives from n ¼ 298 female cynomolgus of 3 years of age and 3.3 + 0.2 kg. These numbers highlight the need for homogeneity of monkey population just like we do work with rodents otherwise.
MPTP beyond Primates
Although we here focus on MPTP primate models of PD, we do not ignore the value of other MPTP models (see Tieu 2011) . MPTP has been shown to be toxic in a large range of species (Bezard et al. 1998 ). The most popular species, besides primates, is the mouse (Heikkila et al. 1984) , as rats were found to be resistant to this toxin (Chiueh et al. 1984) . MPTP models as a whole fall into two categories, the so-called pathogenic and symptomatic/pathophysiologic models (Bezard and Przedborski 2011) .
The pathogenic models include the MPTP toxin models (as well as the non-PD-related genetic mutations such as the MitoPark mice (Ekstrand et al. 2007 ). The value of the pathogenic models rests on the premise that dopaminergic neurons die by a stereotyped cascade that can be activated by a range of insults, including toxins whose relevance to PD per se remain uncertain. In that respect, the MPTP mouse models should be favored for obvious practical, economical and ethical reasons. Although the authors consider that the MPTP mouse models are pivotal in our past and current progress toward the understanding of PD neurodegeneration, we should still consider primates at some stage as primate dopaminergic neurons are different in nature form mouse dopaminergic neurons. Best example is the lack of neuromelanin in rodents that is characteristic of the "nigra" in primate (and man).
The MPTP monkey models clearly represent most of the existing symptomatic/pathophysiologic models, which aim at recapitulating the motor manifestations of PD (whether or not they display signs of neurodegeneration), and are used to develop symptomatic therapies or to study circuit-related questions. Because we believe that only nonhuman primates accurately mimic the motor expression of PD, in our opinion, these are the only animals that are optimal for such studies. MPTP mouse models for instance fail to replicate symptomatic manifestation of PD.
CONCLUDING REMARKS
The take-home message when defining the model of choice is as follows:
1. use an old world primate species (behavioral repertoire and primate-specific genes); 2. favor a chronic intoxication for progressiveness (and access to all key periods in disease evolution);
3. select a systemic route for inducing multisystemic lesions (full pathological picture); 4. study both motor and nonmotor symptoms (comprehensive behavioral impairment); and 5. demonstrate reproducibility (scientific comparisons).
Although utopian that a single model could reproduce PD, the MPTP model(s) mimic(s) most of it and remain the model of choice in translational research for PD.
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